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ABSTRACT

Yield increases observed among eight genotypes of tomato
(Lycopersicon esculentum Mill.) grown at ambient CO2 (about
350) or 1000 microliters per liter CO2 were not due to carbon
exchange rate increases. Yield varied among genotypes while
carbon exchange rate did not. Yield increases were due to a
change in partitioning from root to fruit. Tomatoes grown with
CO2 enrichment exhibited nonepinastic foliar deformation similar
to nutrient deficiency symptoms. Foliar deformation varied among
genotypes, increased throughout the season, and became most
severe at elevated CO2. Foliar deformation was positively related
to fruit yield. Foliage from the lower canopy was sampled through-
out the growing season and analysed for starch, K, P, Ca, Mg,
Fe, and Mn concentrations. Foliar K and Mn concentrations were
the only elements correlated with deformation severity. Foliar K
decreased while deformation increased. In another study, foliage
of half the plants of one genotype received foliar applications of
7 millimolar KH2PO4. Untreated foliage showed significantly
greater deformation than treated foliage. Reduced foliar K con-
centration may cause CO2-enhanced foliar deformation. Reduced
K may occur following decreased nutrient uptake resulting from
reduced root mass due to the change in partitioning from root to
fruit.

CO2 enrichment of greenhouse crops has been used to
increase productivity for over 100 years. Increased yield and
increased CER2 have been observed in most greenhouse crops
grown at elevated C02, including tomato (Lycopersicon es-
culentum, Mill.) (26). Yield increases with CO2 enrichment
are generally attributed to increased CER. These increases in
plant productivity can vary substantially with genotype (19,
21). The relationship between increased CER and increased
yield among tomato genotypes with varying increases in yield
at elevated CO2 has not been specifically explored.
Some crops, including tomato, exhibit an additional re-

sponse to long-term CO2 enrichment, which is a deformation
and discoloration of foliage (16). In tomato, this foliar defor-
mation appears as a combination of discolorations reminis-
cent ofK, Mg, and Mn deficiencies (22) accompanied by tight
inrolling and malformation of the leaf lamina. The deforma-

The research reported in this publication was funded by the North
Carolina Agricultural Research Service. This work is a portion of a
thesis submitted by the senior author in partial fulfillment of the
requirements for the Ph.D. degree.

2 Abbreviation: CER, carbon exchange rate.

tion appears first in the lower leaves and progresses to the
upper leaves over the growing season until the entire plant
appears stressed and dysfunctional. This apparent stress seems
inconsistent with the increased yield found at elevated CO2.
Interactions of this apparently stressful response with other
responses to CO2 enrichment have not been studied. This
report investigates the relationship between CER and plant
productivity among eight genotypes of tomato exhibiting a
range of yield responses to CO2 enrichment. Potential rela-
tionships between CER, yield, degree of foliar deformation,
and foliar nutrient status are explored in terms of the range
and differences in response of the eight tomato genotypes.

MATERIALS AND METHODS

Genotype Response Differences, Foliar Deformation, and
Foliar Nutrient Concentration

Plant Culture

Eight genotypes of greenhouse tomato, (Lycopersicon es-
culentum, Mill.), "B83.977," "Caruso," "Dombito," "Hotset,"
"Laura," "Michigan-Ohio," "Perfecto," and "TRVE 13" were
grown to transplant size in a glasshouse. Plants were watered
two to three times daily, at need. Once a week, plants were
watered with a liquid fertilizer (20-20-20) to saturation. At 7
weeks, seedlings were transplanted into 18.9 L black polyeth-
ylene grow-bags (Hydro-Gardens, Colorado Springs, CO)
filled with 50% (v/v) Pro-Mix BX3 (Premier Brands, New
Rochelle, NY) and 50% aged, 95 mm mesh pine bark (v/v).
Six plants of each genotype were transplanted to each of the
four treatment greenhouses (48 plants per house). Experi-
ments were conducted in four small, polyethylene-covered
greenhouses in Raleigh, NC. Two houses were enriched to
1000 4L.L' CO2. The remaining houses were at ambient
CO2 (about 350 ,uL L-'). Rockbed storages (25) in the en-
riched houses allowed CO2 enrichment to extend into the
warm season. Average hours of CO2 enrichment per day were
8.13. Details of greenhouse construction, CO2 enrichment,
rockbed storage systems, and environmental controls were
reported by Willits and Peet (24). Day and night heating
began at 21 C and 16°C, respectively. Cooling began at 25°C,
27°C, and 28°C for low and high vent and evaporative cooling
pad, respectively.

3The use of trade names in this publication does not imply
endorsement by the North Carolina Agricultural Research Service of
products named nor criticism of similar ones not mentioned.
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Plants were grown for 16 weeks in the treatments. The
growing apex of all plants was removed after the sixth flower
cluster had set at least one fruit. All axillary leaf growth was
removed weekly. Fruit were harvested from all plants as they
reached the pink stage (about three times a week). Fruit
weights were recorded at each harvest on a plant-by-plant
basis.
The experimental design was split-plot with whole plots of

CO2 concentration (greenhouses) and subplots of genotype.
Whole plots were replicated twice (two houses at ambient and
two houses at elevated CO2).

Foliar Deformation Severity Rating

A visual rating of foliar deformation severity was developed
to allow comparison of relative foliar deformation with other
measured parameters (23). Weekly ratings of general foliar
deformation were made on the lower canopies of all plants.
Severity was rated on a scale of 0 to 3 where 0 = none, 1 =
low, 2 = moderate, and 3 = severe. A rating of 1 was applied
to plants in which approximately 1 to 33% of the canopy
under evaluation was affected by deformation. A rating of 3
was applied to plants in which approximately 66 to 100% of
the canopy was affected. Correlation analysis of mean defor-
mation severity and mean total cumulative yield per plant of
each genotype at ambient and elevated CO2 was performed.

Net Photosynthesis (CER)

Foliar CER was measured using an LCA-2 portable leaf
chamber analyzer system, A 120 (Analytical Development
Corporation, Andover, MA). All readings were taken between
0900 and 1500 h using natural light, during clear, full-sun
conditions at 13 and 19 weeks plant age. Readings were taken
on unshaded terminal leaflets ofone leaf in the upper, middle,
and lower third of the canopies of three plants of each of four
genotypes in each house. Light levels were in the range of 650
to 1000 Amol m-2 s-'. Readings were taken on only the
cultivars "Michigan-Ohio," "Laura," "Hotset," and
"TRVE1 3" in order to have adequate replication of a given
genotype on a single sample date. These four genotypes were
chosen because they exhibited the widest range ofdeformation
response.

Fresh Weight Partitioning

Individual plant, leaf, stem, root, and fruit fresh weights
were measured on four randomly chosen plants of each
genotype in each house. Plant biomass was calculated as the
sum of these four fresh weights. Leaves and stems were
harvested and weighed at 23 weeks of plant age. Root balls
from the same plants were removed from the grow bags,
washed in water, squeezed to remove excess water, and
weighed. Fruit fresh weights were calculated as cumulative
total fruit weight harvested over the entire season on an
individual plant basis.

Seed Number

When plants were 17 weeks old, two fruit were harvested
from each of four genotypes in each house. Fruit were har-

vested at the mature green-pink stages. The genotypes used
were the same four used for CER measurements as described
above. Each of the four fruit per treatment were quartered
and two opposite quarters were labeled and stored at -80'C.
At a later date the fruit quarters were soaked in 10% (v/v)
acetic acid for 30 min. Seeds were counted after separation
from the remaining attached pulp by vigorously rinsing them
in a sieve. Data are presented as mean seed number per fruit
for each genotype at elevated and ambient CO2.

Nutrition

Using drip irrigation, a modified Hoagland solution was
injected into the watering lines 3 times daily for a total of 1.5
L, but waterings were increased or decreased depending on
crop evapotranspiration. Fertilizer was delivered at each
watering. Initial concentrations were 90 ppm N, 45 ppm P,
195 ppm K, 155 ppm Ca, and 44 ppm Mg. At apex removal,
N and Ca were raised to 125 ppm N and 185 ppm Ca. Two
weeks before crop removal, N and K were raised to 165 ppm
N and 310 ppm K. Every 2 to 3 weeks fertilizer solutions
were analyzed for nutrient content.
The terminal and one subtending leaflet of representative

lower leaves were sampled for nutritional analysis at 1000 h
when plants were 10, 11, 13,14,15,17, 19, 21, and 23 weeks
old. All leaflets for a given genotype in each house were
pooled into one sample, dried at 70C in a forced-air oven,
and ground in a Wiley mill through a 20 mesh sieve. The air-
dried tissue was analyzed for K, Ca, Mg, Mn, and Fe content
by atomic absorption spectrophotometry (Perkin-Elmer
Corp., Norwalk, CT) after dry ashing at 500°C. P content was
analyzed using a spectrophotometric method (7).
The high foliar starch concentration of plants grown at

elevated CO2 has a dilution effect on foliar nutrient concen-
trations (8). Nutrient concentrations are artificially depressed
when calculated on a dry weight basis because of the starch
which makes it appear as though less nutrient was available
to the tissue than actually was present (3, 12). Therefore,
nutrient concentrations were corrected for starch by subtract-
ing the milligrams of starch in a given leaf sample from the
total milligrams of sample dry weight and then recalculating
the nutrient concentration ( 12).

Foliar Starch Concentration

One leaf punch was taken from the same leaflets sampled
for nutrient analysis before nutrient sampling and leaf starch
concentrations were determined as described (23).

Foliar Nutrient Application Study

One genotype of greenhouse tomato, "Laura," was seeded
and grown to transplant size in a glasshouse. Cultural practices
were as described for the above study except that this study
was conducted in one large polyethylene-covered greenhouse
in Raleigh, NC, at ambient CO2 (about 350 ,L.L-'). Drip
irrigation was used as described above. Foliar application of
7 mM KH2PO4 was made when plants were 13 to 20 weeks
old. The solution was applied at 0900 h on one upper and
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one lower leaf of 11 plants daily for 2 weeks and three times
a week thereafter. Foliar deformation ratings were made
weekly on the treated leaves of the 11 treated plants and on

analogous leaves of 11 untreated plants. Mean foliar defor-
mation of treated and untreated lower leaves is reported
because little deformation developed on the upper leaves
regardless of treatment.

RESULTS

Genotype Response Differences, Foliar Deformation, and
Foliar Nutrient Concentration

Deformation and Yield

CO2 enrichment increased both fruit yield and leaf defor-
mation. Genotypes differed significantly in mean yield and
deformation severity (Table I). Regression analysis showed a

significant, positive relationship between mean foliar defor-
mation severity and mean seasonal, total fruit yield such that
the highest yielding genotypes showed the greatest foliar de-
formation severity (Fig. 1).

Net Photosynthesis (CER)

CERs were highest in the upper canopy, low in the middle
canopy, and lowest in the lower canopy (Fig. 2). At 13 weeks
plant age CERs were significantly greater in C02-enriched
plants, but this was not the case at 19 weeks. CERs were

negative in the middle and lower canopy region at 19 weeks
and this was not improved by CO2 enrichment (Fig. 2B).
There were no significant differences between genotypes on
either date and no apparent relationship with deformation.

Table I. Mean Cumulative Fruit Yield per Plant and Mean Foliar
Deformation Ratings for Eight Genotypes of Tomato Grown for 16
Weeks at Ambient (about 350 uL L-1) or 1000 L -L-1 C02

Fruit yields and deformation ratings are the seasonal means for 12
plants.

C02 Genotype Yield Deformationa

A*L-' g fresh wt-plant-
1000 TRVE13 7832 1.97

Laura 7816 1.82
B83.977 7838 1.68
Michigan-Ohio 7750 1.55
Perfecto 7480 1.59
Dombito 7092 1.53
Caruso 7373 1.47
Hotset 7120 0.93

350 TRVE13 7110 1.61
Laura 6743 0.96
B83.977 7280 1.09
Michigan-Ohio 5781 0.57
Perfecto 5677 0.95
Dombito 6432 0.82
Caruso 6866 0.93
Hotset 6258 0.47

LSD (P =0.05): 521 0.05
a Deformation index: 0 = none, 3 = severe.
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Figure 1. Linear regression relationship between mean foliar defor-
mation severity (0 = none, 1 = low, 2 = moderate, 3 = severe) and
mean seasonal total fruit yield (g per plant) of eight genotypes of
tomato grown at ambient (about 350 AL* L-1) and 1000 ML. L-1 C02
for 16 weeks. Each point is the mean of 12 plants.
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Figure 2. Mean foliar carbon exchange rates (mg CO2 - d m-2 - h-1) at
13(A) and 19(B) weeks plant age of the lower (L), middle (M), and
upper (U) canopy regions of tomato plants grown at ambient (about
350 AL- L-1) and 1000 AL- L-' C02. Each rate is the mean of readings
on 24 leaves.
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Fresh Weight Partitioning

Total plant biomass increased to only a small degree with
CO2 enrichment in all genotypes (Table II). CO2 enrichment
increased fruit fresh weight and decreased root fresh weight
in all genotypes (Table III). Stem and leaf fresh weights both
increased and decreased (depending on genotype) to small
degrees with CO2 enrichment. Linear regression analysis
showed a significant negative relationship between fruit and
root fresh weights but no relationship between fruit and leaf
or stem fresh weights (Fig. 3).

Table II. Mean Total Plant Biomass of Eight Genotypes of 23 Week
Old Tomato Plants Grown at Ambient (about 350 uL *L-1) and 1000
ALL-1 CO2 for 16 Weeks

Total plant biomass is calculated as the sum of a plant's leaf, stem,
root, and cumulative fruit yield fresh weights. Each biomass is the
mean fresh weight of eight plants.

Biomass at Biomass at
Genotype 350 AL- L-' 1000 AL.

CO2 L-' C02
g fresh wt.plant'

B83.977 9,426 9,928
Caruso 9,294 9,565
Dombito 8,556 9,427
Hotset 8,742 9,384
Laura 9,185 9,705
Mighican-Ohio 8,093 9,786
Perfecto 8,745 9,528
TRVE13 9,689 10,130

LSD (P = 0.05): 820.

Table Ill. Mean Fruit, Root, Leaf, and Stem Fresh Weights of 23
Week Old Plants of Eight Genotypes of Tomato Grown for 16 Weeks
at Ambient (about 350 MAL .L-1) or 1000 AL .L-1 CO2

Each fresh weight is the mean of eight plants.
C02 Genotype Fruit Root Leaf Stem

AL - L-1 9

350 B83.977 7335 743 919 427
Caruso 6978 877 977 460
Dombito 6283 801 1020 450
Hotset 6143 861 1255 482
Laura 6715 786 1196 482
Michigan-Ohio 5624 996 1092 465
Perfecto 6284 903 1092 465
TRVE13 7123 745 1371 448

1000 B83.977 8023 537 918 449
Caruso 7547 649 908 460
Dombito 7317 533 111 464
Hotset 7256 475 1180 471
Laura 7579 411 1226 487
Michigan-Ohio 7845 416 1099 455
Perfecto 7482 420 1148 476
TRVE13 7782 519 1369 459

LSD (P =0.05): 568 209 93 31
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Figure 3. Near regression relationship between fruit fresh weight
(mean cumulative yield, g per plant) and root (A), leaf (B), and stem
(C) fresh weights (g per plant) of eight genotypes of 23 week old
tomato plants grown at ambient (about 350 ML) or 1000 EL. L-1 C02
for 16 weeks. Each point is the mean of eight plants.

Seed Number

CO2 enrichment increased mean seed number per fruit in
all genotypes (Fig. 4). All increases were statistically significant
except for the genotype "Laura."

Nutrition

Over the season, K was the only element concentration
reduced at elevated CO2 after starch correction, but K, P, Ca,
and Mg varied with genotype (Table IV). Mean K and Mn
were significantly correlated with mean deformation (Table
V) but only K was significantly correlated with deformation
when correlation analysis was performed on the total data set
(before averaging) (data not shown). Foliar deformation in-
creased over the season and foliar K decreased in a parallel
manner (Fig. 5).

Foliar Nutrient Application

Foliage treated with KH2PO4 showed less severe deforma-
tion than untreated foliage. Deformation increased over time
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Table V. Correlation Coefficients (r, n = 16) and Probability Values
(P) between Mean Foliar Nutrient Concentrations Corrected for
Foliar Starch Concentration and Mean Foliar Deformation Severity
for Plants of Eight Tomato Genotypes Grown at Ambient (about
350,gL- L-1) or 1000 AL- L-1 CO2

Nutrient r P

K -0.54 0.02
Ca -0.30 0.25
Mg -0.13 0.62
P -0.10 0.68
Fe -0.25 0.34
Mn -0.74 0.01

1000

Figure 4. Mean seed number per fruit of four genotypes (L = "Laura,"
T = 'TRVE13," H = 'Hotset," M = "Michigan-Ohio") of 17 week old
tomato plants grown for 10 weeks at ambient (about 350 uL. L-')
and 1000,uL L-' C02. Each count is the mean of four fruit.

in both treatments but remained less severe in treated foliage
than in untreated foliage (Fig. 6).

DISCUSSION

These results show that in tomato, enhancement of yield
with CO2 enrichment was not due to increased CER. While
the eight genotypes differed significantly in fruit yield, they
did not differ in CER and there was no correlation between
CER and yield. These results contrast with those of Nilwik et
al. (18) who reported that maximum net photosynthesis var-
ied with tomato genotype at elevated CO2. The results are

consistent with those of Lakso et al. (13), who also found no
genotypic variation in CER. Nilwik et al. (18) measured
photosynthesis only on plants much younger than those in
this report. Therefore, their results may have been due to
genotype differences which are only found early in the plants'
development. An overall growth increase cannot be the pri-
mary cause of fruit yield increase with CO2 enrichment. There
was little increase in total plant biomass with CO2 enrichment
(about 8%) yet fruit yield increases were significantly greater
(as much as 39%).

Instead, a change in partitioning from root to fruit was the
primary mechanism for yield enhancement with CO2 enrich-
ment. CO2 enrichment caused decreased root weight and
increased fruit weight which varied with genotype. These
results contrast with those of Knecht and O'Leary (1 1) who
found no change in fresh weight of tomato root with CO2
enrichment to 800 or 1200,uL L'. Knecht and O'Leary (1 1),
however, sampled only after 4 and 7 weeks of treatment.

Table IV. Seasonal Mean Foliar Concentration of K, Ca, Mg, P, and Fe and Mn, Corrected for Foliar
Starch Concentration, and Mean Foliar Deformation of Eight Tomato Genotypes Grown at Ambient
(about 350 p L-') or 1000 pAL-L-1 CO2

Each concentration is the mean of 18 samples.
C02 Genotype K Ca Mg P Fe Mn Deformationa

g. UL-' % of dry weight ppm
350 B83.977 3.49 7.00 0.84 0.76 144 353 1.16

Caruso 3.35 7.42 0.93 0.90 158 372 0.92
Dombito 3.36 7.85 0.98 0.84 147 358 0.82
Hotset 4.43 6.59 0.91 0.90 148 340 0.46
Laura 4.04 6.98 0.87 0.89 148 324 0.96
Michigan-Ohio 4.09 7.41 0.84 0.92 151 413 0.57
Perfecto 3.83 6.63 0.77 0.78 144 326 0.95
Trvel3 3.85 6.43 0.91 0.88 141 331 1.53

1000 B83.977 3.30 6.64 0.80 0.83 132 279 1.71
Caruso 3.31 7.48 0.91 0.96 142 336 1.53
Dombito 3.16 7.39 0.91 0.86 139 334 1.46
Hotset 4.52 6.73 0.90 1.01 145 359 0.93
Laura 3.24 6.99 0.87 0.79 158 321 1.82
Michigan-Ohio 3.55 7.09 0.87 0.79 146 322 1.54
Perfecto 3.79 6.47 0.78 0.84 146 318 1.58
Trvel3 3.77 6.47 0.92 0.95 148 285 1.94

LSD (P = 0.05): 0.25 0.32 0.05 0.06 15 25 0.72
a Deformation index; 0 = none, 3 = severe.
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Figure 5. Mean foliar deformation severity (A
= moderate, 3 = severe) and mean foliar K
centage of dry weight, corrected for foliar st
lower canopy foliage of tomato grown at ambi
or 1000 ALL L-1 C02. Each deformation point
on 12 plants. Each K concentration point is th

Therefore, they could not have reported
fresh weight partitioning as did our data,-

uted to high foliar starch concentration (1, 14). However, a

seasonal comparison of foliar starch concentration and defor-
mation severity in tomato showed no relationship between
foliar starch and deformation (23). Instead, present results
showed that the relationship between foliar deformation and
foliar nutrient concentration was significant in terms of gen-

otypic variation. Reduced K was associated with increased
deformation.
The relationships between yield, partitioning, foliar defor-

0-0:1000 mation, and foliar nutrient concentration were observed

*- :350 through comparisons of genotypic differences. These geno-
typic differences may illustrate the mechanism for the ob-

19 21 23 served change in partitioning and the relationships among all

of these parameters.
Yield increases observed with CO2 enrichment are consist-

ent with many reports (9). The heavier fruit load observed in

0-0 1000 higher yielding genotypes may result in greater fruit sink

0-0:350 strength than in lower yielding genotypes. Yelle et al. (28)
reported interspecific differences in tomato fruit sink metab-
olism. In tomato, Ho (5) reported that assimilate translocation
was regulated by sink demand. He observed that leaves with
low carbon fixation rates maintained carbon export at the
expense of existing carbon to keep up with sink demand. The
increased sink strength may lead to the observed change in
partitioning of nutrients and assimilates from root to fruit.
Over an entire growing season, this change in partitioning

could result in relatively reduced root mass in plants grown
19 21 23 at elevated CO2.
;
9 21 23

Reduced root mass under elevated CO2 conditions could
lead to decreased uptake of nutrients. Tomato fruit nutrient

0 = none, 1 = low, 2 uptake may not be reduced in response to such a reduced
concentration (B: per- nutrient supply. Halbrooks and Wilcox (4) found that K
arch concentration) of uptake into tomato leaves increased until 70 d after anthesis
ient (about 350 ,AL- L-I) and then decreased, but K uptake into fruit increased contin-
is the mean of ratings uously over the entire period to 105 d after anthesis. Kirkby

e mean of 16 samples. et al. (10) reported no difference in xylem sap K concentration

of tomato plants grown at low (0.4 meq * L-') or high (4 meq
L-') K nutrient solution. They concluded that the highly

any later effects on mobile K ion was remobilized and translocated to sink areas

after 16 weeks. which had constant K demand.
There was not a gram-for-gram correspondence between

root fresh weight decrease and fruit fresh weight increase. This
was probably because fruit fresh weights were cumulative over

the season and therefore accounted for all fruits, but root
fresh weights were measured once, destructively, at the end
of the season. Therefore, root loss or regeneration during the
season was not accounted for.

Altered partitioning of photoassimilates in C02-enriched
environments has also been noted in Cucumis by Ito (6). He
reported that cucumber plants with the longest exposure to
elevated CO2 had the least downward translocation of I4C to
the roots and the greatest translocation to the fruits. Ito
suggested that improved early yields were due to the predom-
inance of translocation to fruit over root in these plants.

In the present experiments with tomatoes there were strong
genotypic differences in foliar deformation which showed a

surprising, strong, positive relationship with yield. Genotypes
appearing the most deformed and dysfunctional were the
most productive in terms of fruit yield.

Foliar deformation with C02 enrichment has been attrib-
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Figure 6. Mean foliar deformation severity (0 = none, 1 = low, 2 =

moderate, 3 = severe) of tomato foliage grown at ambient (about
350 ILL- L-1) C02 either treated or untreated with 7 mm KH2PO4 foliar
spray. Each point is the mean of ratings on 11 leaves in the lower
third of the canopy.
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As a result, depletion of mobile elements, like K or possibly
N, in older tomato leaves may result in the observed nutrient-
deficiency-like symptoms of foliar deformation. McAvoy and
Janes (15) observed foliar nutrient deficiency-like symptoms
with high pressure sodium lighting. These symptoms were

alleviated with increased nutrient supply. When nutrient sup-
ply is inadequate fruit nutrient demand would then be met
by mobile element remobilization from other plant tissues.
Wolterbeek and De Bruin (27) compared import of radiola-
beled ions into tomato fruit from stem or leaf tissue and
concluded that leaves were a primary source of element
redistribution in tomato. Foliar application of K alleviated
deformation symptoms. Therefore, remobilization of foliar K
from older leaves of C02-enriched tomato plants in response
to decreased K supply and unchanged or increased K demand
by increased fruit load probably causes K deficiency-like
symptoms in these older leaves. Fertilization with increased
nutrient solution concentrations might not alleviate symp-
toms because the decreased supply is probably due to de-
creased root mass.
Some genotypes may respond to CO2 enrichment with

greater increase in sink strength than others and would there-
fore have greater yield and foliar deformation, accompanied
by more reduced root mass and foliar nutrient concentration.
A hypothetical mechanism to explain genotypic differences
in CO2 enhancement of sink strength could involve increased
fertilization and seed set that varied with genotype. Dempsey
and Boynton (2) have shown that increased seed number
caused increased fruit size and, therefore, probably increased
sink activity.
Our preliminary results showed increased mean seed num-

ber per fruit with CO2 enrichment. CO2 enrichment may
increase fruit sink strength through increased fertilization and
seed set. Sfakiotakis et al. (20) reported that the percentage of
germination of lily pollen increased rapidly when CO2 con-

centration was increased from ambient to 1.3%. There were
increases at all CO2 concentrations. Nakanishi et al. (17)
observed increased pollen tube penetration of stigma papilla
cells from self-pollinated, self-incompatible Brassica flowers
following CO2 treatment.
CO2 enrichment resulted in a series ofgenotypically variable

responses. These responses may be explained by a differential
increase in seed set and, therefore, sink strength among the
genotypes leading to mobilization of nutrient and assimilates
to the fruit. Such a change in fruit sink strength could have
caused the observed reductions in root mass and foliar nu-
trients. This intraplant competition could vary with genotype
and may explain the observed genotypic differences in yield
and foliar deformation observed with CO2 enrichment.

LITERATURE CITED

1. Bradley FM, Janes HW (1985) Carbon partitioning in tomato
leaves exposed to continuous light. Acta Hortic 174: 293-302

2. Dempsey WH, Boynton JE (1965) Effect of seed number
on tomato fruit size and maturity. J Am Soc Hortic Sci 86:
575-581

3. Depa M (1987) Predicting nutrient accumulation in chrysanthe-
mum as influenced by levels of carbon dioxide and irradiance.
MS Thesis. North Carolina State University, Raleigh, NC

4. Halbrooks MC, Wilcox GE (1980) Tomato plant development
and elemental accumulation. J Am Soc Hortic Sci 105:
826-828

5. Ho LC (1979) Regulation of assimilate translocation between
leaves and fruits in the tomato. Ann Bot 43: 437-480

6. Ito T (1978) Physiological aspects of carbon dioxide enrichment
to cucumber plants grown in greenhouses. Acta Hortic 87:
139-146

7. Jackson ML (1958) Soil Chemical Analysis. Prentice Hall, En-
glewood Cliffs, NJ, pp 151-154

8. Jarrell WM, Beverly RB (1981) The dilution effect in plant
nutrition studies. Adv Agron 34: 197-224

9. Kimball BA (1983) Carbon dioxide and agricultural yield: an
assemblage and analysis of430 prior observations. Agron J 75:
779-788

10. Kirkby EA, Armstrong MJ, Leggett JE (1981) Potassium recir-
culation in tomato plants in relation to potassium supply. J
Plant Nutr 3: 955-966

11. Knecht GN, O'Leary JW (1974) Increased tomato fruit devel-
opment by CO2-enrichment. J Am Soc Hortic Sci 99: 214-216

12. Kuehny JS, Peet MM, Nelson PV, Willits DH (1991) Nutrient
dilution by starch in CO2-enriched Chrysanthemum. J Exp
Bot 42: 711-716

13. Lakso AN, Bierhuizen JF, Martakis GFP (1984) Light responses
of photosynthesis and transpiration of two tomato cultivars
under ambient and altered CO2 and 02. Sci Hortic 23:
119-128

14. Madsen E (1974) Effect of CO2 concentration on growth and
fruit production of tomato plants. Acta Agr Scand 24:
242-246

15. McAvoy RJ, Janes HW (1984) The use of high pressure sodium
lights in greenhouse tomato crop production. Acta Hortic 148:
877-884

16. Mortensen, LM (1987) Review: CO2 enrichment in greenhouses.
Crop responses. Sci Hortic 33: 1-25

17. Nakanishi T, Eshshi Y, Hinata K (1969) Control of self-incom-
patibility by CO2 gas in Brassica. Plant Cell Physiol 10:
925-927

18. Nilwik HJM, Gosiewski W, Bierhuizen JF (1982) The influence
of irradiance and external CO2 concentration on photosyn-
thesis of different tomato genotypes. Sci Hortic 16: 117-123

19. Peet MM, Willits DH (1984) C02-enrichment of greenhouse
tomatoes using a closed-loop heat storage: effects of cultivar
and nitrogen. Sci Hortic 24: 21-32

20. Sfakiotakis EM, Simons DH, Dilley DR (1972) Pollen germi-
nation and tube growth:dependent on carbon dioxide and
independent of ethylene. Plant Physiol 49: 963-967

21. Slack G (1986) C02-enrichment of tomato crops In HZ Enoch,
BA Kimball, eds, Carbon Dioxide Enrichment of Greenhouse
Crops, Vol II: Physiology, Yield and Economics. CRC Press,
Boca Raton, FL, pp 15 1-163

22. Sprague HB (1964) Hunger Signs in Crops. David McKay Co,
New York

23. Tripp KE (1990) Physiological aspects of tomato foliar defor-
mation at elevated CO2. PhD thesis. North Carolina State
University, Raleigh, NC

24. Willits DH, Peet MM (1989) Predicting yield responses to
different greenhouse CO2 enrichment schemes: cucumbers and
tomatoes. Agric For Meteorol 44: 275-293

25. Willits DH, Peet MM (1987) Factors affecting the performance
of rockstorages as solar energy collection/storage systems for
greenhouses. Trans ASAE 30: 221-232

26. Wittwer SH (1985) CO2 levels in the biosphere:effects on plant
productivity. CRC Crit Rev Plant Sci 2(3): 171-198

27. WolterbeekH Th, De BruinM (1986) Xylem and phloem import
of Na+, K+, Rb+, Cs' and Sb(SO4)2 in tomato fruits: differential
contributions from stem and leaf. J Exp Bot 37: 928-939

28. Yelle S, Hewitt JD, Robinson NL, Damon S, Bennett AB (1988)
Sink metabolism in tomato fruit III. Analysis of carbohydrate
assimilation in a wild species. Plant Physiol 87: 737-740

719


